Young adults often experience psychological distress and poor quality of life (QoL). Yet, there are no objective neural markers to accurately guide interventions to help improve these measures. We thus aimed to identify directional relationships between frontoamygdala emotional regulation circuitry activity during emotion processing, personality traits, and symptoms associated with psychological distress, and QoL. One hundred twenty 18-25-year olds, n = 51 psychologically distressed and n = 69 healthy individuals, completed a face emotion-processing task during functional magnetic resonance imaging, clinical and behavioral measures, and QoL assessment. Penalized regression, accounting for large numbers of independent variables, showed that increased state and trait anxiety, cohort and measures of general and anhedonic depression severity predicted poorer QoL (all exponents40.87). Only state and trait anxiety predicted emotion processing-related frontoamygdala activity (all exponents = 1.00). State and trait anxiety fully mediated the relationship between amygdala activity and QoL (P-value increased from 0.001 to 0.29: left amygdala, and from 0.003 to 0.94: right amygdala). State anxiety fully mediated the relationship between left ventrolateral prefrontal cortical (vlPFC) activity and QoL (P-value increased from 0.01 to 0.18). Testing an alternative mediational pathway showed that the relationship between state and trait anxiety and QoL was not mediated by amygdala or left vlPFC activity. We thereby identify specific, directional relationships linking amygdala and left vlPFC activity, state and trait anxiety, and poor QoL across different diagnoses. Our findings highlight roles of amygdala and left vlPFC activity as neural predictors of anxiety and poor QoL, and as potentially important targets for novel interventions to reduce anxiety and, in turn, improve QoL in young adults.
INTRODUCTION
Almost one-fifth of all 18-25-year olds seek help from mental health professionals for psychological distress, 1 which ranges from anxiety and depressive symptoms to personality traits, functional disabilities and behavioral problems. These symptoms and problem behaviors can have adverse impact on quality of life (QoL) assessment, which focuses on the subjective perception of one's relationships, physical health, daily functioning, general sense of well-being and life satisfaction. 2 Anxiety and depression in particular have been linked to poor QoL. 3, 4 A large metaanalysis demonstrated significant QoL impairments in anxious individuals, across all anxiety disorders. 3 In addition, severe impairments in QoL were observed in depressed individuals across 11 treatment trials. 4 There are unfortunately no neural markers that provide objective targets to facilitate treatment to improve QoL in young adults. An important step toward these goals is to identify patterns of neural activity associated with symptoms and problem behaviors that are, in turn, associated with psychological distress and poor QoL. The neural correlates of anxiety have been extensively studied using tasks that present affective stimuli such as faces with emotional expressions, 5, 6 aversive images 7 and sounds, 8 and emotion regulation 9 and fear learning paradigms. 10 Across studies, several brain regions are frequently implicated in both pathological and non-pathological anxiety, including the amygdala, ventromedial and lateral prefrontal cortices, and anterior cingulate cortex. 11 Enhanced amygdala activity is one of the more consistent findings in individuals with elevated state 12 and trait anxiety, 5 and in those with anxiety disorders, 13, 14 whereas specific patterns of frontal cortical activation are task dependent. These findings are thought to reflect dysfunction in frontoamygdala emotion regulation circuitry, and include amygdala hyper-reactivity to fear and threat cues, deficits in prefrontal regulation and attention processes, and impaired fear extinction. Abnormal activation patterns in amygdala, prefrontal cortices and anterior cingulate cortex have also been observed in depressed individuals 15 suggesting similar dysfunction in frontoamygdala circuitry during emotion processing.
While the above studies show associations between anxiety and depression and poor QoL, and aberrant patterns of activity in amygdala-frontal cortical circuitry in anxiety and depression, there are no studies that examined specific, directional relationships among all three components: neural function, symptoms, and QoL. A critical next step is thus to identify such relationships among these three components to aid identification of modifiable neural targets for interventions to not only ameliorate personality traits and symptoms but also to improve QoL.
In the current study, we recruited young adults (18-25 years) across the range of personality traits and problem behaviors common in this age group, irrespective of the presence or absence of a psychiatric diagnosis. This approach thereby allowed us to include young adults across a wide range of anxiety and depressive symptoms to personality traits, functional disabilities and behavioral problems. Participants were individuals who sought help from mental health professionals for psychological distress, and healthy individuals (see Materials and Methods for definition of these groups). Our aim was to elucidate specific, directional relationships between frontoamygdala circuitry activity during emotion processing, personality traits and symptoms, and QoL measures in young adults. In order to determine these relationships, we first conducted a series of penalized regressions to identify those personality traits and symptoms associated with both QoL and neural circuitry activity during a face emotion processing task known to activate frontoamygdala circuitry. 16 We then determined the extent to which these identified personality traits and symptoms mediated the relationship between frontoamygdala circuitry and QoL. On the basis of the present literature, we hypothesized:
Hypothesis 1: Anxiety and/or depressive measures would be most strongly associated with poor QoL.
Hypothesis 2: Emotion processing-related amygdala and prefrontal cortical activity would be positively associated with severity of anxiety/depressive symptoms.
Hypothesis 3: Anxiety and depressive measures would mediate relationships between amygdala and prefrontal cortical activity and poor QoL.
MATERIALS AND METHODS Participants
Participants were 133 individuals, 18-25 years old: n = 58 seeking help from mental health professionals at counseling or psychiatric services for psychological distress (including depressive and anxiety symptoms, and other behavioral and emotional problems such as failing to cope with everyday stressors and interpersonal relationships), irrespective of presence or absence of psychiatric diagnosis, and n = 75 healthy individuals not presently seeking help from such services, and with no previous personal or family history of psychiatric illness in first-degree relatives. All individuals were assessed with the Structured Clinical Interview for DSM-5, Research Version (SCID-5-RV 17 ) before participation in the study. We recruited individuals from both groups to ensure inclusion of a range of personality traits and problem behaviors (Table 1) . Participants were recruited via community advertisement, student counseling services, and a participant registry. Exclusion criteria are in Supplementary Information.
Thirteen participants were excluded for excessive motion (44 mm), signal loss, and/or severe artifacts in their imaging data. The final sample comprised 120 individuals (51 distressed and 69 healthy individuals). The University of Pittsburgh Human Research Protection Office approved the study, and all participants provided written informed consent.
Behavioral and clinical measures
Participants were assessed on the following clinical and behavioral measures: Spielberger State-Trait Anxiety Inventory; 18 clinician-administered Hamilton Anxiety Rating Scale HAM-A; 19 Hamilton Rating Scale for Depression HAM-D; 20 Mood and Anxiety Symptom Questionnaire, 21 including the general distress anxiety subscale, general distress depression subscale, general distress mixed subscale, anxious arousal subscale and anhedonic depression subscale; Zuckerman sensation seeking scale; 22 Behavioral Inhibition and Activation System Scales BIS/BAS; 23 Barratt Impulsiveness Scale; 24 UPPS-P Impulsive Behavior Scale; 25 and Young Mania Rating Scale. 26 Participants also completed the short form of the Quality of life Enjoyment and Satisfaction Questionnaire 2 to assess their perception of life enjoyment and satisfaction. Only one participant was taking psychotropic medication.
Neuroimaging paradigm
Participants completed the dynamic faces task (12 min 36 s), which has been previously described in detail. 27 Briefly, stimuli were grayscale emotional faces (happy, angry, fearful, and sad) taken from the NimStim face database, 28 and grayscale ovals (matched in luminance with the face stimuli) that served as control stimuli. The task included three, 12-trial blocks for each emotional face type and six 6-trial blocks of shapes presented pseudorandomly. During the face trials, a face changed in emotional expression from neutral to emotional over 1 s in 5% increments. During shape trials, an oval shape changed in size to parallel the changes in the face trials. In the middle of each trial (200 to 6500 ms), a semitransparent foreground color flash (blue, orange or yellow) overlaid the image. Participants identified the color of the foreground color flash using a response pad.
Neuroimaging data acquisition Other non-affective/non anxiety disorders 3 3
Some individuals have more than one co-morbid anxiety and/or depressive disorder. 15 Individuals in the Distressed Group were below threshold for any disorder.
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Neuroimaging data analysis
Data were preprocessed using a combination of software packages (SPM, FSL, AFNI) implemented in Nipype. 29 Preprocessing included realignment, coregistration, distortion correction, normalization, despiking, and smoothing (Supplementary Information). A first-level fixed-effect general linear model (GLM) was constructed for each participant using Statistical Parametric Mapping software, Version-8 (SPM8), with the four emotion (anger, fear, sad and happy) and shape conditions. Motion parameters were included as covariates of no interest to control for participant movement. A regressor to correct for physiological fluctuations was also included, derived from the mean signal within white matter, cerebrospinal fluid and high temporal standard deviation voxels. 30, 31 A high-pass filter (256 s), and autoregressive (AR(1)) modeling were also implemented at the first level.
Extraction of neural measures
A first-level single subject statistical parametric map was generated for the emotion4shape contrast and used in a second-level (group) analysis to identify neural activity across participants during face emotion processing. We extracted the first eigenvariate from individual contrast images for all significant clusters, using a family-wise error correction threshold of α = 0.05, in amygdala and all frontal regions (that is, entire frontal cortex), given our focus on frontoamygdala emotion regulation circuitry.
Data analytic plan
Variable selection methods were used to identify the salient variables related to our outcome variables in steps 1-3 below. These salient variables were then tested and used in mediation analyses, as described below.
1. Identify the behavioral trait, clinical, behavioral, and demographic variables (Table 2 ) predictive of QoL using penalized regression. We conducted elastic-net penalized least squares regression analysis for variable selection, using the GLMNET package in R. 32 Elastic-net is a modified form of least squares regression that penalizes complex models with a regularization parameter(λ), 33 is sensitive to correlated variables, 33 and is robust to assumption violations. [34] [35] [36] The regularization parameter shrinks coefficients toward zero, and eliminates unimportant terms entirely. 32 Cross validation identifies the optimal penalty term (λ) that minimizes mean cross validated error, reduces the chances of overfitting, and enforces recommended sparsity in the solution. Lambda.1se was selected as a more conservative model in which more coefficients are set to zero. 2. Identify frontoamygdala regions showing significant activity during emotion processing (emotion4shape contrast) across participants. 3. Identify the behavioral trait, clinical, behavioral and demographic measures predictive of extracted measures of neural activity identified in Step 2 using penalized regression. As in Step 1, we used elastic-net with cross validation and implemented the mgaussian family within the package to account for the multivariate approach.
Test regression assumptions for the mediation model implemented in
Step 5. The female/male ratio was 81/39. This data is also summarized separately for distressed (n = 51) and healthy (n = 69) individuals in Supplementary Table 1 .
Frontoamygdala emotional regulation circuitry activity T Greenberg et al QoL and neural activity during emotion processing mediated relationships between neural activity and QoL. A multiple mediation model was used to test each mediator while simultaneously accounting for the shared association of correlated mediators. 37 6. We also tested an alternative pathway, in which emotion processingrelated neural activity mediated the relationship in Step 1 (that is, between behavioral trait, clinical and behavioral measures and QoL; Supplementary Figure 4 ).
Post hoc analyses
We examined relationships between diagnostic categories, neural and clinical/behavioral variables identified in Steps 1-3, and QoL. In addition, we compared results from simple and multiple mediator models (Supplementary Table 2 ). Finally, we conducted mediation analyses using neural activity to each specific emotion versus shape contrast (Supplementary Information).
RESULTS
Clinical and behavioral measures related to QoL
Here, an exponentiated coefficient (exp) represented the rate ratio change in QoL corresponding to one unit change in predictor variable. Seven variables were identified as predictors of poor QoL: increased state (exp = 0.906) and trait (exp = 0.911) anxiety, cohort (exp = 1.00), increased Hamilton depression ratings (exp = 0.897), and, from the Mood and Anxiety Symptom Questionnaire, increased general distress depression (exp = 0.876), general distress mixed (exp = 0.9004), and anhedonic depression (exp = 0.952). The distributions of State Anxiety and Trait Anxiety scores in relation to QoL are in Supplementary Figures 1 and 2 , respectively.
Neural regions showing significant activity during emotion processing Across participants there was significant activity for the emotion4shape contrast in five regions: right and left amygdala, medial prefrontal cortex, and right and left vlPFC (Brodmann area 47); family-wise error whole-brain corrected threshold α = 0.05, Figure 1 . Neural activity for each separate emotion expression4shape is in Supplementary Figure 3 .
Clinical and behavioral measures predictive of neural activity during emotion processing Two clinical variables only were identified as non-zero predictors of neural activity during emotion processing: state and trait anxiety. Each of the five brain regions that showed significant activity for the emotion4shape contrast had exp = 1.00, that is, a unit increase in anxiety measures predicted a unit increase in neural activity.
Testing regression assumptions
To test model assumptions, we conducted a regression analysis with the two clinical variables that predicted neural activity during emotion processing (state and trait anxiety), and extracted measures of activity in the five brain regions that showed significant activity for the emotion4shape contrast (left and right amygdala, medial prefrontal cortex, left and right vlPFC). One participant was excluded from the following mediation analyses due to extreme outlier values. Regression assumptions were met (Supplementary Information). Frontoamygdala emotional regulation circuitry activity T Greenberg et al
Mediation analyses
Given that only state and trait anxiety were significantly associated with QoL and neural activity during emotion processing, these two clinical measures were tested as potential multiple mediators of relationships between activity in the five neural regions above and QoL. This resulted in five mediation models (one model for each neural region identified in Step 3, and simultaneously testing both state and trait anxiety).
• State and trait anxiety fully mediated the relationship between left amygdala and QoL (t those with an anxiety disorder. The groups did not differ on left or right amygdala activity, left vlPFC activity, or on QoL, however. Young adults with and without major depressive disorder (MDD) significantly differed on QoL (t (49) = − 2.63, P = 0.011), with higher QoL reported by those without MDD. The groups did not differ on left or right amygdala activity, left vlPFC activity, or on state anxiety, however. There was a trend for trait anxiety to be higher in depressed than non-depressed young adults (t (49) = − 1.89, P = 0.066). Diagnostic categories of bipolar disorder, eating disorder, externalizing disorder, trauma-related disorder, sleep disorder, somatoform disorder and adjustment disorder were too infrequent to compare (Table 1) .
DISCUSSION
We examined directional relationships between neural function during face emotion processing, clinical and behavioral measures, and QoL in young adults, irrespective of the presence or absence of a psychiatric disorder. State and trait anxiety fully mediated the relationship between amygdala activity during emotion processing and poor QoL. State anxiety also fully mediated the relationship between left vlPFC activity during emotion processing and poor QoL. By contrast, amygdala and left vlPFC activity did not mediate the relationship between state and trait anxiety and QoL. This is the first study, to our knowledge, to identify specific, directional relationships between neural activity, symptoms, and poor QoL.
There is growing evidence for a negative impact of anxiety on QoL. 3, 4, 38 Previous studies typically compared clinical and healthy populations, demonstrating substantial QoL impairments in individuals with Generalized Anxiety Disorder, Social Anxiety Disorder, Panic Disorder, Posttraumatic Stress Disorder and Obsessive-Compulsive Disorder. 3, 38 The degree of QoL impairment was similar across these disorders 3, 38 suggesting that anxiety severity in general, rather than diagnostic categories or other psychiatric symptoms, predict QoL. This is supported by our current findings that show that state and trait anxiety are associated with poor QoL in a large sample of young individuals, irrespective of diagnosis. QoL may be related to symptom severity, but the two are separate measures. 2 Thus, measures of QoL are gaining interest as important targets for intervention, and as complementary measures of treatment outcome. 4 Numerous studies demonstrated enhanced amygdala activity during emotion processing in individuals with anxiety disorders, 11, 13, 14 as well as those with high trait anxiety. 5 Furthermore, individual differences in trait anxiety positively correlated with (basolateral) amygdala activity to unconsciously presented fearful stimuli. 39 Enhanced amygdala activity was also observed in individuals with high state anxiety to unattended and attended fearful faces. 12 In the present study, using multiple clinical and behavioral measures in a penalized regression analysis, we show that only state and trait anxiety showed a non-zero association with amygdala activity to emotional stimuli. This finding provides strong support for a link between amygdala activity during emotion processing and dimensional measures of anxiety, which, alongside the above link between state and trait anxiety and QoL, underscores the role of amygdala activityanxiety relationships in predicting psychosocial functional outcomes in young adults.
The amygdala has widespread connections with subcortical and cortical regions, 40 and is important for acquisition, expression, and recognition of fear/threat-related cues, 41 and more generally in emotion learning and processing of socially relevant emotional stimuli, for example, facial expressions. 42 Thus, elevated amygdala activity to emotional stimuli, including socially salient facial emotional cues, in young adults may underlie enhanced threat perception, especially in emotionally salient social contexts, that in turn may be linked with vulnerability to emotional dysregulation, anxiety, compromised psychosocial function and poor QoL. Importantly, these associations were evident across a range of different psychiatric disorders, and in individuals without a present psychiatric disorder, in our sample of young adults, and were not present for other symptoms or personality traits. These findings thus further highlight links between greater anxiety severity, irrespective of the presence of absence of a psychiatric disorder and poorer QoL.
Several prefrontal cortical regions are implicated in anxiety, including ventromedial and lateral prefrontal cortices, and dorsal and ventral anterior cingulate cortex. 11, 13 These regions subserve different processes relevant to emotion processing and regulation, including effortful, attentional control of emotion in lateral prefrontal cortices; 43 decision-making regarding probability of stimulus outcome associations in vlPFC;
1 directed attention and conflict monitoring in dorsal anterior cingulate cortex; 44 and fear extinction in ventromedial prefrontal cortex and ventral anterior cingulate cortex. 45 Anxious individuals show relative increases and decreases in activity in these regions, including reduced ventromedial prefrontal cortical activity associated with impaired fear extinction recall; 10 increased dorsal anterior cingulate cortical activity, 46, 47 potentially underlying increased attention to potential threat; and increased 48 and decreased 49 lateral prefrontal cortical activity, which may underlie inefficient, effortful attentional control of emotion, attention bias to threat-cues, and aberrant, inferential decision-making regarding emotional stimulus outcome associations. 50, 51 Our present finding linking greater left vlPFC activity to emotional stimuli with greater state anxiety in young adults may thus reflect either inefficient attentional control of emotion or a greater tendency to make inferences about facial expressions in individuals with greater state anxiety. Interestingly, in a longitudinal neuroimaging study, we previously showed a positive relationship between increasing state anxiety and increasing activity in a similar region in the left vlPFC during an attentional control of emotional distractor task in emotionally dysregulated youth. 52 The left laterality of these findings is intriguing, but may reflect undue approach toward, and attention to, emotional stimuli in anxious individuals, given the role of the left hemisphere in approach-related emotion processing. 53 Interestingly, depression severity was not associated with emotion processing-related neural activity, and thus did not mediate neural activity-QoL relationships. This may suggest that anxiety rather than depressive symptoms are the most proximal behavioral manifestations of emotion processing-related neural activity, especially in the amygdala.
There were study limitations. Individuals were included with a range of diagnostic categories. There were no differences in neural activity in any of the five brain regions activated during emotion processing across diagnostic categories, however, although individuals with MDD did have poorer QoL than those without such a diagnosis, similar to previous studies. 4 We showed no significant difference in QoL in individuals with versus those without anxiety disorders indicating that severity of state and trait anxiety rather than presence of anxiety disorder impacts daily functioning. The study sample included a majority of female participants, which likely reflects increased help-seeking behavior 54 and general research participation by women. 55 There was no gender effect on any of the measures of interest, however.
In summary, our findings identify specific directional relationships linking neural activity during emotion processing, state and trait anxiety, and poor QoL in a large sample of young adults regardless of diagnosis. This is the first study, to our knowledge, to jointly examine neural activity, symptoms, and QoL, using dimensional measures and diagnostic categories in young adults. We show a full mediation by state and trait anxiety on the relationship between amygdala activity and QoL, and by state anxiety on the relationship between left vlPFC activity and QoL. Our findings highlight amygdala and left vlPFC activity as neural predictors of poor QoL in young adults, and as potentially important neural targets for novel interventions, such as neuromodulation, to improve QoL by reducing anxiety in this population.
